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Abstract 
To advance understanding of hydrological influences on arsenic transportation within groundwater of the Datong 
Basin, a transient 3D groundwater flow model was implemented based on data monitored at an experimental site 
(Shanyin experimental plot). The modeling results indicate that irrigation diminishes the groundwater head and 
accelerates the water exchange among different formations. Vertical water exchange occurs frequently among silt 
(L1, L2, L3, L4), clay1 (L5), and sand 1 (L6), but does not occur in clay 2 (L7), sand 2 (L8), clay 3 (L9), and sand 3 
(L10). It is noted that horizontal groundwater exchange is prevailing and occupies the leading position in the 
saturated zone. The modeling results also show that the vertical movement of recharge water from the ground surface 
towards the deep aquifer induces a downward movement of arsenic, and the frequency of groundwater exchange 
greatly promotes the horizontal migration of arsenic in the aquifer.  
 
© 2012 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Organizing and Scientific Committee of WRI 14 - 2013 
 
Keywords: arsenic; groundwater flow; Shanyin Exiprimental Plot; Datong Basin 
1. Introduction 
Longterm intake of geogenic arsenic-contaminated groundwater from shallow aquifers has caused 
endemic arsenic poisoning of millions of people in the Datong Basin [1]. Many studies including 
sediment geochemistry, hydrochemistry and biogeochemistry have been conducted to demonstrate the 
occurrence of high arsenic groundwater at Datong. Our recent study indicated that irrigation or salt 
flushing plays a significant role in the mobilization of arsenic in shallow aquifers [2]. Increasing 
understanding of the role of hydrology in arsenic release is necessary. Therefore, this paper focus on how 
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groundwater fluxes affect arsenic concentrations based on a 3D transient groundwater flow model with 
realistic assumptions of hydraulic constants and boundary conditions of the geological structure. 
2. Materials and methods 
Datong Basin is located in a semi-arid region of northeastern China with a mean annual rainfall of 
300-400 mm [3]. Due to extensive evaporation and a high groundwater table, saline soil is widely 
distributed at this area. The Sanggan River, the major surface water system, has almost ceased flowing at 
the present day. The Shanyin Field Experimental plot, which is adjacent to the Sanggan River, is about 
2250 m2 (75 m×30 m) and a network of 20 well groups was installed in this plot (Fig.1a). The wells are 
constructed with depths of 10m, 15m and 20m, respectively. Aquifers marked sand 1, sand 2, and sand 3 
are separated by three Quaternary clay layers (Fig.1b). Water samples were collected monthly from 
monitoring wells from February to November 2011. The pH, EC, T, Eh and groundwater head were 
measured on site during sampling. Major and trace compositions of water were determined in laboratory 
using inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively coupled 
plasma mass spectrometry (ICP-MS), respectively. Transient 3D groundwater flow modeling was 
conducted with MODFLOW [4] to simulate the saturated flow path of As-contaminated groundwater in 
the shallow aquifer. The model domain was dissected into 75 columns (x-direction), 30 rows (y-direction) 
and 10 layers (z-direction). The bottom of the grid was designed as a no flow boundary condition. The 
uppermost layer was treated as a net recharge boundary with 80 mm.yr-1. Time-varying constant-head 
(CHD) package was used to define the boundary conditions of the four sides of the model domain. The 
Sanggan River is not included in this model due to lack of detailed river water level records. The 
hydraulic conductivity, porosity and specific yield field, described with a 10-layers system (Fig. 2a) were 
derived from the empirical values [5] (Table 1) and the hydraulic conductivity was used as fitting 
parameters in the subsequent calibration.  
 
 
Fig. 1. (a) plan view of the Shanyin field 
Experimental Plot and monitoring wells; (b) 
hydrogeologic cross-section across Sanggan 
River. 
                             
Table 1. Hydraulic properties of aquifers used in model simulations. 
Lithology Hydraulic conductivity K (m/d) Specific storoge Ss (S-1) Specific yield Sy Effective porosity 
Silt 0.05 1E-4 0.16 0.22 
Clay 0.864E-3 1E-4 0.01 0.20 
Sand 15 1E-4 0.22 0.25 
3. Results and discussion 
3.1. Numerical model calibration 
Calibration and sensitivity analyses were carried out by checking the concordance between the 
calculated and observed results to certify the application of the simulated model. The results indicate  that 
the hydraulic conductivity of medium is the most sensitive factor in this model.  
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Fig. 2 (a) model domain in cross profile; (b) model calibration results to the tube wells (S is shallow aquifer, M is intermediate 
aquifer, D is deep aquifer).   
Fig. 3 (a) net vertical groundwater flux in L1 and L6; (b) net horizontal groundwater flux at AA' profile from L6 to L10 when X = 
17.5m and 57.7m, respectively; (c) simulation flow field overlain with arsenic concentration.   
 
Calibration results of two observation well groups document that calculated and observed 
groundwater heads are generally in agreement (Fig. 2b) and a better fit between observed and calculated 
seasonal trends could be obtained when hydraulic conductivity values were assigned as 0.1 md-1, 2 md-1, 
16 md-1 for sand, clay and silt layers, respectively.  
3.2. Groundwater flux evaluation 
The vertical net groundwater fluxes among L1, L2, L3, L4, L5, L6  increase gradually from March to 
July, and then decrease from August to November, with a fluctuation range of 0~0.2 m3d-1 (Fig. 3a). The 
infiltration of precipitation can accelerate the vertical exchange rate of groundwater among different 
layers. Therefore, the variation of vertical net groundwater fluxes may be reflecting the change of 
precipitation with the time. Almost all the positive vertical net groundwater flux values mean that vertical 
water exchange always exists during the modeling periods. Comparing the net flux of every two 
neighboring layers from L1 to L6, we can understand the variation of vertical net groundwater flux with 
the aquifer depth. The vertical recharge is diminished and the rate of vertical net groundwater flux 
decreases with the increase of the depth. In particular, it is almost close to zero when close to the 
saturated zone. Here, we can assume that recharge waters due to groundwater pumping for irrigation and 
salt flushing move vertically downwards through the vadose zone and reach to the sand aquifer and then 
move horizontally through the sand aquifer to the Sanggan River. Horizontal net groundwater fluxes for 
AA' profile when X=17.5 m and X=57.5 m, respectively, (Fig. 3b) (the positive values express that the 
groundwater exchange from A to A', while negative values mean the opposite direction) show that nearly 
all the horizontal net groundwater fluxes have positive values and fluctuate between 0 and 12 m3d-1 along 
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AA' profile in the X direction. The result is consistent with the observed groundwater flow from A to A'. 
It is noted that the horizontal groundwater exchange rate is much higher than that in the vertical direction 
and dominates the groundwater flux at this plot.  
3.3. Linking between groundwater flux and arsenic 
Figure 3c demonstrates that a close relationship can be observed between arsenic concentration and 
groundwater flow. Arsenic concentration markedly increases with depth and accumulates at about 20 m 
below the land surface. The modeling results indicate that vertical infiltration of precipitation, salt 
flushing water and irrigation return through the vadose zone into the shallow aquifer occurred frequently. 
Recharged irrigation return and precipitation elevate the groundwater head and accelerate the water 
exchange among different formations, giving rise to mild reducing conditions in the near surface 
environment. Thus, Fe-oxyhydroxides can be reduced and dissolved under such conditions, mobilizing 
arsenic from soil/sediments into groundwater. Organic matter, furthermore, can be carried by irrigation 
return and salt flushing water from the surface into groundwater [6], which can enhance the reducing 
conditions When the vertical infiltrating recharge water gets close to the saturated zone, however, the 
flow paths become horizontal and the continual horizontal groundwater exchange will induce dissolved 
arsenic transport more rapidly and promote adsorbed arsenic to further dissolve in the sand aquifers.  
4. Conclusions 
The groundwater flow model reveals a new process for arsenic transport in Datong basin. During 
irrigation pumping, Arsenic in the shallow aquifers could be delivered to the ground surface and 
accumulated partly in the surface soils/sediments. It might then be mobilized under reducing conditions 
involving organic matter input or changes in redox conditions induced by groundwater head fluctuation, 
and be transported with vertical infiltration in vadose zone and horizontal migration in saturated zone 
towards the Sanggan River.  
Acknowledgements 
This research was financially supported by the National Natural Science Foundation of China 
(grants No.40830748, No. 40902071, No.41202168 and No.41120124003).  
References 
[1] Xie XJ, Wang YX, Su CL, Liu HQ, Duan MY, Xie ZM. Arsenic mobilization in shallow aquifers of Datong Basin: 
Hydrochemical and mineralogical evidences. Journal of Geochemical Exploration 2008; 98: 107-15.  
[2] Xie XJ, Wang YX, Li JX, Su CL, Yu Q, Wu Y. Occurrence of high arsenic groundwater at the Datong and Huhhot Basin, 
northern China: hydrochemical and isotopic investigation. Fresenius Environmental Bulletin 2012; 21: 819-29. 
[3] Wang YX, Shavartsev SL, Su CL, Genesis of arsenic/fluoride-enriched soda water: A case study at Datong, northern China. 
Applied Geochemistry 2009; 24: 641-49. 
[4] McDonald MG, Harbaugh AW. A modular three-dimensional finite-difference groundwater flow model. US Geological Survey 
Technology Water Resource Investigation 1988; 34 (Book 6): 586 (Chapter A1). 
[5] Fetter CW. Applied Hydrogeology. Merrill Pubishing Company; 1980,  p. 75-5. 
[6] Harvey CF, Swartz CH, Badruzzaman ABM, Keon-Blute N, Yu W, Ali AM et al. Arsenic mobility and groundwater extraction 
in Bangladesh. Science 2002; 298: 1602-606.  
